Abstract
Introduction

26
Food web studies, both empirical and theoretical, have been an important and active part of 27 community ecology for several decades. Despite this and the fact that food web ecology has 28 developed considerably since quantitative and comparative food web studies began in the late 29 1970's (Cohen 1977 (Cohen , 1978 Pimm and Lawton 1977, 1978) there is still a lot to be learned 30 about the relationships between predators and their prey and the structure of ecological 31 communities that result from these trophic interactions. Brose et al (2006b) , for example, 32 reported systematic differences in predator-prey body size relationships across habitats and 33 consumer types, and Riede et al. (2011) showed a tendency for decreasing predator-prey body 34 mass ratios with increasing trophic position of predators. Because this last finding contradicts 35 the traditional Eltonian paradigm that predator-prey body mass ratios do not vary consistently 36 across trophic levels (Elton 1927) Instead, there is a tendency for the relative size difference between a predator and its average 46 prey to decrease with the trophic position of the predator. 47 various and differing patterns in the distribution of predator-prey body mass ratios in food 99 webs. Differences between these opposing concepts highlight the need for studies that actually 100 analyze if predator-prey body mass ratios vary systematically with the mass or trophic position 101 of the predator within communities. 102 103
Methods
104
I compiled data on the approximate adult body weights of 396 predator consumers (325 105 trophic species, see below) in 24 of the webs in the ECOWeB database (Cohen 1989a ) using 106 literature data (see Jonsson 1998). P. Yodzis kindly supplied data on the body weights of 372 107 consumers (all trophic species) in 28 additional ECOWeB-webs (these data are as described in 108
Yodzis 1984, see also Cohen et al. 1993 ), thus making a total of 768 consumer species (697 109 trophic species) in 52 of the first 70 ECOWeB-webs (see Table 1 for data on the webs that 110 have been used). 111 112
The web data
113
To get the ECOWeB-webs in a form that suited the purpose of this paper, the original webs 114 were edited somewhat. First, Man was omitted whenever included in a web (webs 48, 49 and 115 68; see Table 1 ). Second, since this study only deals with predators (defined as an animal 116 consumer that is not a parasite, parasitoid, pathogen or herbivore), insectivorous plants (web 117 58) and parasites (webs 25 and 27) reported as consumers were omitted. Third, a few obvious 118 biological impossibilities, such as "marine animals" (web 22) or birds (web 25) being reported 119 as basal species, were omitted by not considering any food chain that started with these 120 species. The paper reports the result based on trophic species (i.e. where trophically identical 121 species have been collapsed to one "trophic species" with the geometric mean size of theconstituting species). However, a parallel analysis showed that conclusions are not dependent 123 on this since splitting trophic species into lower level taxonomic entities (e.g. dividing 124
"Redshank, dunlin, knot" in web 55 into one redshank, one dunlin and one knot species) 125 produced quantitatively similar results. 126 127
Predator-prey body size relationships
128
Defining basal species to have a trophic height (Th) of unity, the trophic height of every 129 consumer j was calculated as the prey-averaged trophic height (i.e. one plus the average 130 trophic height of all resource species of the consumer, Williams & Martinez 2004) . 131
Next, mean prey size (Mprey j ) of predator j (with body mass Mpred j ) was defined as the 132 geometric mean body mass of all of the prey species i (with body masses estimates) of the 133 predator, and the predator-prey body mass ratio (ρ j ) of predator j, as the ratio between 134 predator size and mean prey size (i.e. Riede et al (2011), the geometric mean is here used to avoid one or a few large prey species in 136 the diet of a predator to dominate the mean prey size and predator-prey body mass ratio of that 137 predator, by giving equal weight to the body sizes of prey on different trophic levels (that tend 138 to have different body size ranges) in the food web. 139
In a log-log plot of mean prey size as a function of predator size (see Fig. 1 ) a regression 140 slope equal to unity would suggest that there is no systematic change in the relative size 141 difference (i.e. the predator-prey body mass ratio) between predators and their average prey 142 with increasing predator size. In other words, small predators tend to be as many times larger 143 (or smaller) than their prey as large predators. On the other hand, if the slope is less (greater) 144 than one (and starts below the 1:1 line), this means that the relative size difference betweenpredators and their prey increases (decreases) with increasing predator size so that larger 146 predators tend to be less (more) similar in size to their prey than small predators. 147 Thus, the relationship between predator size and mean prey size was analyzed as well as 148 the relationship between trophic height and the predator-prey body mass ratio, across all 149 webs as well as within each web. The webs were also grouped into 7 different categories 150 based on the type of habitat (e.g., "marine pelagic" and "terrestrial", see Table 1 for a  151 complete list of all webs and categories) and the relationship between trophic height and the 152 predator-prey body mass ratio was analyzed. 153 154
The cascade and niche models
155
The cascade model was proposed by Cohen and Newman (1985) as "a stochastic theory of 156 community food webs" that would explain observed food web patterns. It is a simple, but still 157 usefull null-model (Gotelli and Graves 1997) for the distribution of trophic links, without 158 detailed biological mechanisms, that results of the present analysis can be compared with. 159
Essential to the cascade model is the idea that species can be arranged in a trophic cascade so 160 that one species feeds only on those species below it (in the cascade) with equal probability. It 161 has been suggested that the ordering in this cascade could be based on body size (Warren and 162 Lawton, 1987; Cohen 1989b ). If it is assumed that species higher in the trophic cascade are 163 larger than species lower in the cascade, a prediction of the cascade model is that larger 164 consumers are found higher up in food chains and eat prey over a larger range of body sizes 165 than do small consumer species. Here, an analysis was made to see if the cascade model is 166 able to generate the same relationship between predator size and mean prey size as that found 167 in the 52 food webs used here. Thus, for every web, 1000 random predation matrices of the 168 same size, with the same number of upper triangular links (i.e. links where predator sizethe cascade model. That is, the upper-triangular links were randomly redistributed in the upper 171 triangular section of the predation matrix and for every randomized replicate of a real web 172 new mean prey sizes was calculated for every predator. The regression slope for the 173 relationship between predator size and mean prey size was then calculated for every 174 randomized web. Furthermore, the proportion of these 1000 random webs with a regression 175 slope greater than the slope calculated for the real food webs (considering only upper 176 triangular links since the cascade model cannot generate lower triangular links, see below) 177 was determined. This proportion is also the probability of drawing, from the distribution of 178 predator-prey body mass ratio and the trophic height of a predator ( Fig. 2A) , although it is 212 evident that there is a large range in body mass ratios for small values of the trophic height. consumers with at least one prey, see Table 1 .) Thus, the relationship between trophic position 216 and the predator-prey body mass ratio for single webs range from statistically significantly 217 negative to even positive (Table 1) , but, the proportion of webs with a negative relationshipconsumer-prey pairs with estimated body sizes in the web, are gradually eliminated from the 220 analysis). Furthermore, of the five webs with body size data on more than 15 consumers with 221 at least one prey, all show a negative relationship ( Fig. 2B-F When the trophic links in each web were redistributed 1000 times, using the cascade model, 227 this produced more often than not in many webs more shallow slopes than the one observed in 228 the real web (for the relationship between predator size and mean prey size, Table 1 between predator size and mean prey size greater than the ones actually observed. Thus, for 20 236 of the 49 webs with body mass data on three or more predator-prey pairs, the probability is 237 less than 0.1 (meaning that for 90% of the randomized replicates of a real web, mean prey size 238 does not increase as fast with increasing predator size as in the real web). Furthermore, for 239 seven of the 12 webs with body mass data on more than 10 species, the probability is less than 240 0.1. The distribution of probabilities is thus highly skewed, with a dominance of low 241
probabilities. The probability of having 20 or more proportions less than 0.1 (out of 49) is~1.57×10 -8 (assuming that the proportions are binomially distributed around 0.5). (The 243 probability of having seven or more proportions less than 0.1, out of 12, is ~5.02×10 -5 .) 244
Furthermore, when niche model replicates were generated for each web, the distribution of 245 proportions of regression slopes steeper than the observed is still somewhat skewed (Fig. 4C ) 246 but less so than for cascade model webs. For 10 webs with body mass data on three or more 247 predator-prey pairs, the probability is less than 0.1, and for 19 webs the probability is less than 248 0.2. The probability of having 10 or more proportions less than 0.1 (out of 49) is ~0.02 while 249 the probability of having 19 or more proportions less than 0.2, is ~9.56×10 -8 . 250 251
Discussion
252
Darwin's entangled bank has been widely used as a metaphor for the complexity of ecological 253 systems but how much of this complexity do we understand? A food web graph is one way to 254 try to capture some of this complexity by describing who eats whom in a community, but the 255 usefulness of such traditional connectance webs alone for a deeper understanding of the 256 structure and functioning of ecosystems is limited. That is, an ecological community is much 257 more than the trophic interactions among its species, and modern approaches in food web 258 ecology try to link food web characteristics and species traits, such as body size, to increase 259 our understanding of food web structure, dynamics and functioning. 
The relationship between predator and mean prey body sizes
275
The analysis presented here for the relationship between predator and mean prey size showed 276 a discrepancy between the relationship across all webs and within individual webs. Across all 277 webs the slope of the regression line was less than unity, suggesting that predators become 278 less similar in size to their prey with increasing size, while within many web the slope was 279 found to be greater than unity, indicating that predators become more similar in size to their 280 prey with increasing size. Furthermore, the probability of observing a relationship between 281 predator and mean prey size with a slope closer to, or greater than one, was found to increase 282 as the number of predator-prey links in a web increased. This suggests (i) that larger and 283 potentially more well-documented, webs are more likely than smaller webs to show predator-284 prey size relationships where mean prey size increases faster than predator size and (ii) that 285 aggregating data from many webs and from many types of system may hide the "true" (and 286 more interesting) relationship within individual webs and lead to wrong conclusions about the 287 relationship between predator and prey body sizes within food webs. 288
Predator-prey body mass ratios and trophic position 290
Across all webs the negative relationship between predator-prey body mass ratios and trophic 291 position is weak and there is a large range in predator-prey body mass ratios for small values 292 of the trophic height of consumers ( Fig. 2A) . However, the data come from many different 293 types of communities (e.g. both pelagic and terrestrial) differing among other things in the 294 kind of dominating primary producer (e.g. phytoplankton vs. trees). This suggests that the 295 relationship between the predator-prey body size ratio and trophic position of the consumer 296 might best be analyzed in every web separately, or by breaking the data into different kinds of 297 systems, e.g. by habitat type. Different kinds of habitats may impose different restrictions on 298 the consumers, for example in terms of the size difference of a consumer relative to its prey. 299
To test this, the webs were grouped into seven different habitat types (benthic, estuarine, 300 lentic, lotic, pelagic, terrestrial and mixed, see Table 1 ) and the relationship between trophic 301 height and the predator-prey body mass ratio was analyzed within each ecosystem category 302 (Table 2) . For all of these habitat types the relationship was negative, and stronger than across 303 all webs, suggesting once more that aggregating data from many types of system, although 304 increasing the number of data points, actually may make it more difficult to reveal what the 305 "true" relationship is within individual webs or ecosystem types. This conclusion is also 306 shown that the relationships between predator and prey body sizes in a much larger data set 315 deviates significantly from the predictions of the cascade model. Fig. 1 showed that, across all 316 webs, the larger the predator, the less similar in size its average prey is expected to be. This 317 actually is in line with the predictions of the cascade model, with larger predators taking a 318 broader range of prey sizes and thus, on average, relatively smaller prey than smaller-bodied 319 predators. However, for many individual webs the relationship between predator and mean 320 prey size tended to have slopes greater than one, meaning that larger predators instead take 321 prey that, on average, are more similar in size to themselves than smaller predators. In 322 addition to contradicting the finding across all webs (Fig. 1) , this also suggests that trophic 323 links in these larger webs are not distributed as assumed by the cascade model. This suspicion 324 was confirmed by the analysis showing that cascade model replicates of most webs produced 325 regression slopes (for the relationship between predator and mean prey size) that were more 326 shallow than the observed slope in the real webs, and the distribution of proportions of 327 cascade model slopes steeper than the observed was highly skewed (Fig. 4A) . The expected 328 distribution of probabilities, if the cascade model is to describe predator-prey relationships 329 correctly (according to the ones found here), is a binomial distribution with (mean and) mode 330 at 0.5. Clearly, the observed distribution (Fig. 4) does not conform to this expectation. Thus, 331 the cascade model fails to reproduce the same pattern in the relationship between predator size 332 and mean prey size as the one found in 52 food webs. For any single web, the pattern could 333 have arisen by chance, but the result across the whole set of webs is highly improbable, 334 leading to the conclusion that the trophic links are not distributed as assumed by the cascade
steeper relationship between predator size and mean prey size. Thus, the equal predation 337 probability assumption of the cascade model does not seem to be ecologically defensible. The 338 equal predation probability assumption of the cascade model was tested by Neubert et al. 339
(2000) against four heterogeneous alternatives (predation probabilities differing between 340 rows, columns or diagonals basically). In a restricted set of 16 food webs for which adequate 341 data was available, the null hypothesis (equal predation probability) could be rejected in favor 342 of any of these alternatives in seven out of 16 webs at a significance level of p≤0.06. This 343 result is corroborated by the findings here. 344
The niche model has been widely used to model the structure of complex food webs and in 345 a comparative study (Williams & communities they share this feature with probably all other documented webs this far. Thus, 360 much can still be learned from analyzing the ECOWeB-collection, at least when the focus is 361 not on food web level statistics, but instead on species level characteristics such as the size 362 difference between predators and their prey. In other words, hypotheses about the distribution 363 of predator-prey body size ratios within food webs, can be initially tested against this data 364 source, awaiting new and better food web data. 365
The ECOWeB-webs, as most other published food webs tend to be better resolved at the 366 top than at the bottom and as a consequence there might be proportionately more large than 367 small prey species recorded in the diet of a large predator. Thus, there is a possibility that the 368 pattern documented here (of decreasing body mass ratios between a predator and its average 369 prey, with increasing trophic height of a consumer, e.g. Fig. 2) , is an artefact caused by poor 370 resolution at lower trophic levels in food webs. However, the webs analyzed do include small 371 species at the same time as comparison with cascade model replicates showed that there is an 372 underrepresentation of links between large predators and the small species present. In other 373 words, even among the species actually reported in the ECOWeB-webs, trophic links are not 374 distributed at random between predators and their potential (smaller sized) prey, with the 375 result that the relative size difference between predators and their average prey decreases with 376 the size and trophic height of the predator. This suggests that poor resolution is not a (major) 377 explanation for the results found. 378 379
Conclusions
380
This paper has concentrated on the relationship between predator and mean prey size, whether 381 this implies any pattern in predator-prey size ratios at different trophic positions of areproduce the observed pattern. The analysis of body size data in 52 food webs shows that 384 there is a tendency for the predator-prey body mass ratio to decrease with the trophic height of 385 a consumer. It is also shown that the relationship between predator and prey size deviates 386 significantly from what is expected by both the cascade and niche models. Large predators 387 tend to eat prey of larger average size than would be the case if trophic links were distributed 388 randomly between a consumer and all species smaller than the consumer (i.e. according to the 389 cascade model). 390
The generality of the results reported here are supported by two recent studies that find 391 similar results using different data sets. Costa (2009) report that for marine predators, mean 392 prey size increases with predator size on a log-log scale, with a slope greater than one, which 393 means that large marine predators will be more similarly sized to their average prey than small 394 marine predators. This is a pattern previously reported also for terrestrial carnivores (Vézina 395 1985). These results also suggest that the predator-prey body mass ratio decreases with 396 predator trophic level for many marine as well as terrestrial predators (if predator trophic level 397 increases with body size). Furthermore, using body mass estimates of 1313 animal predators 398 of different metabolic groups, sampled in 35 natural food webs of different ecosystem types, 399
Riede et al. (2011) found that the geometric mean prey mass increased with predator mass 400 with a power-law exponent greater than unity, and that the predator-prey body-mass ratio in 401 most ecosystem types decreased with the trophic level of the predator. All of these studies 402 indicate a regularity in community structure that holds across ecosystems: prey become 403 disproportionately larger with increasing predator mass, and larger predators closer to the top editing (see methods), n 2 is the number of (trophic) consumers with known body mass and 598
estimates of the body size of at least one prey species, r is the Pearson coefficient of 599 correlation for the relationship between trophic height of the consumer and the predator-prey 600 body mass ratio, p is the significance level, a is the regression slope for the relationship 601 between predator size (log body mass) and mean prey size (mean log body mass), and P cascade 602
and P niche respectively, are the proportions of 1000 cascade and niche model replicates (see 603 methods) with a slope greater than the one calculated for the real web. data, see methods) for the relationship between the trophic height of a predator consumer and 614 the average predator-prey body mass ratio (mean log 10 body mass ratio, see methods for 615 definition of these metrics) in 52 food webs (see Table 1 ) classified into seven habitat types 616 according to Schoener (1989 Fig. 3. (A) The relationship between predator size (log 10 predator body mass) and mean prey 636 size (mean log 10 prey body mass) in web 41 (see Table 1 ). Prey size equals predator size along 637 the solid line. Dashed line is the least squares regression line (Y=1.0664X-3.5262). (B-C) The 638 distribution of regression slopes for the relationship between predator size (log 10 predator 639 body mass) and mean prey size (mean log 10 prey body mass) in web 41 (see Table 1 (see methods) with a regression slope greater than the one found in 48 food webs (see Table 1 ,each having body size data on three or more predator consumers with at least one prey 646 species). 647
648
Figure 1 in 52 food webs (see Table 1 The relationship between predator size (log 10 predator body mass) and mean prey 671 size (mean log 10 prey body mass) in web 41 (see Table 1 ). Prey size equals predator size along 672 the solid line. Dashed line is the least squares regression line (Y=1.0664X-3.5262). (B-C) The 673 distribution of regression slopes for the relationship between predator size (log 10 predator 674 body mass) and mean prey size (mean log 10 prey body mass) in web 41 (see Table 1 model webs, with a regression slope for the relationship between mean prey size and predator 684 size, greater than the one found in 49 food webs (see Table 1 , each having body size data on 685 three or more predator consumers with at least one prey species). 686 687 688
